We evaluated the effect of storage at 2 to 8°C on the stability of human genomic and human papillomavirus (HPV) DNA stored in BD SurePath and Hologic PreservCyt liquid-based cytology media. DNA retained the ability to be extracted and PCR amplified for more than 2.5 years in both medium types. Prior inability to detect DNA in archived specimens may have been due to failure of the extraction method to isolate DNA from fixed cells.
L
iquid-based cytology (LBC) media (BD SurePath [Becton, Dickinson and Company] and Hologic PreservCyt [Hologic Inc.] ) are routinely used to prepare liquid Pap preparations for cervical cancer screening. In the United States, molecular human papillomavirus (HPV) testing out of the LBC vial is recommended (i) as a triage test for determining whether a woman with atypical squamous cells of undetermined significance (ASC-US) needs immediate colposcopic evaluation and (ii) as an adjunct to cervical cytology, "cotesting," for cervical cancer screening of women of age 30 years and older. In addition, there is a growing interest in the use of LBC media for primary HPV screening in which positive specimens could be reflexed to cytology, HPV type-specific genotyping, or another triage method, although molecular tests have yet to be approved for this intended use (1, 2) . LBC media were originally developed and approved for the preservation and preparation of cells for Pap smear evaluation (3, 4) . BD SurePath and Hologic PreservCyt media are both alcohol-based preservatives and are designed to fix cellular and subcellular components and aid in the cytological evaluation of the obtained smears. Fixative solutions can prove problematic for downstream molecular extraction methods because of the potential to inhibit cellular lysis, because of the potential to interfere with the proteolytic enzymes used in this process, or due to cross-linking of nucleic acids and proteins (5, 6) . Some prior studies have reported poor recovery of nucleic acids from SurePath and PreservCyt media and inferred that the DNA had degraded over time during storage (7-10). SurePath medium contains a low concentration of formalin, which is known to cross-link nucleic acids and protein (11, 12) . Formalin treatment results in reversible cross-linking of proteins to DNA, which can render it refractory to magnetic-or silica-based purification and subsequent downstream nucleic acid biochemistry, such as PCR (13) . Cross-linking can be removed using proteinase K digestion and/or heat (14) (15) (16) .
We have developed a simple, one-step chemical lysis method for use with the BD hrHPV-GT assay that can process 0.5 ml of either LBC specimen without prior cell harvesting or the use of lytic enzymes. The method uses a combination of heat and chemicals to lyse LBC-preserved cells directly in the media. It also efficiently reverses cross-linking effects and allows biologically active DNA to be extracted directly from the resulting lysate (17) (18) (19) .
The objective of the current study was to examine the effect of long-term storage of LBC specimens at 2 to 8°C on the ability to detect both human genomic and HPV target DNA and to determine if there was any degradation of the nucleic acid material over this time period using an extraction method specifically designed for LBC media.
Forty-five BD SurePath-preserved specimens and 45 Hologic PreservCyt-preserved specimens were selected from a database of previously tested samples with the BD hrHPV-GT assay. The samples were originally collected from cytology labs as deidentified residual vial specimens after the liquid-based cytology slides had been prepared. Thus, the samples were originally exposed to ambient storage temperatures (15 to 30°C) in accordance with the respective manufacturers' recommendations during collection, transit to the cytology laboratory, and final transfer of the residual material to long-term storage at 2 to 8°C. Upon receipt, approximately 16% of the SurePath specimens and 31% of the PreservCyt specimens were beyond their recommended storage dating, and at the time of first testing, all samples had expired. The original testing was performed in the fall of 2009, and each specimen tested was positive for at least one HPV type. The second test was performed in the spring of 2012, at which time the mean age of both SurePath and PreservCyt specimens was 2.6 years. All 90 samples were collected from different individual patients but were purposely selected so as to provide a balanced representation of highrisk types detected by the assay for both medium types (Table 1) . One SurePath sample was removed from the study due to a labeling error. A subset of samples from the same collection was also analyzed by endpoint PCR for detection of the human GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene.
HPV testing was performed as described previously (18) . DNA amplification and detection were performed simultaneously using real-time PCR detection, and the signal output from each of the four optical channels was read independently in each of the three assay wells using standard fluorescent dyes. HPV-positive specimens were identified using a cycle threshold (C T ) algorithm method. Identical primer and probe sequences were used for both the initial and second tests except for a single base replacement in the reverse primer for HPV type 31 (HPV31). The optical channels (dyes) on which HPV type 59 and the paired types HPV33_58 are detected were also swapped between the first (2009; assay version 1.0) and second (2012; assay version 2.0) tests. The results from both of these channels (which include HPV types 33_58, 56_66, and 59) were combined in the data analysis to account for this change. The human beta-globin (HBB) gene was detected on one channel as an internal sample processing control. Confirmatory endpoint PCR was performed using a human GAPDH primer set (G3PDH For/Rev primers; Integrated DNA Technologies Inc.) to amplify a 452-bp fragment using a Stratagene Mx3005P thermocycler (Agilent Technologies) with a 15-min 95°C enzyme activation step followed by 40 cycles of 96°C for 0.5 min and 61°C for 1 min.
Cycle threshold scores for both the beta-globin and HPV targets were analyzed using Minitab statistical software (Minitab Inc.). Clinical positives were identified using a previously established cutoff for CIN2 ϩ histology endpoints (17) (18) (19) . Analysis of variance was examined using a 2-proportion test and analysis of variance (ANOVA). Comparing the first and second tests and applying the clinical cutoff, the total agreement for both the betaglobin internal control and HPV results across all samples for all optical channel outputs of the assay was 98.2% (n ϭ 979). There was no statistical difference between the reproducibilities of the BD SurePath and PreservCyt specimens across all possible test results (BD SurePath overall agreement ϭ 97.5% [n ϭ 484]; PreservCyt overall agreement ϭ 98.8% [n ϭ 495]; P ϭ 0.141). The agreement for the beta-globin internal control (tested in triplicate [3-well assay] for each of the two specimen runs) was 100% for both sample types. The positive agreement for all HPV genotypes (both single and multiple infections) was 78.57% for BD SurePath and 90.0% for PreservCyt (Table 1) . This difference was not statistically significant (P ϭ 0.089). Analysis of the individual discordant results in Table 1 suggests that this was likely due to sampling variation, with all of the samples remaining analytically positive with C T scores close to the clinical cutoff. There were equal numbers (3) of positive/negative and negative/positive results among the PreservCyt specimens and 8 positive/negative and 4 negative/ positive results among the SurePath specimens, suggesting a C T score distribution on either side of the clinical cutoff. All of the discordant C T scores were close to the clinical cutoff and further suggest that even weakly positive samples were not adversely affected by long-term storage and can fall on either side of the clinical cutoff when retested. This is not unexpected since LBC is known to be a heterogeneous specimen type due to the exfoliation (scraping) method used to collect the cells and the fixing of cell clumps by the LBC fixative solution, which, in particular, can lead to variation in the number of diseased (infected) cells from one sampling to another (20, 21) . It is also noteworthy that there was 100% detection of the human beta-globin target in both tests, since this target is present in both diseased and normal tissue. Looking at the data set as a whole, the average C T scores (including discordant samples) from the first and second tests across all of the assay channels show a high degree of concordance (Fig. 1) . The DNA fragments detected in the current study were small (75 to 137 bp). In order to determine if only smaller fragments were able to be amplified due to DNA degradation during storage, we employed primers to the human GAPDH gene that amplify a fragment 452 bp in length. This amplicon length also represents the upper size limit of fragments routinely used to detect HPV. The products of an endpoint PCR were readily visualized on an agarose gel using DNA extracted from Ͼ4-year-old BD SurePath and Ͼ5-year-old Hologic PreservCyt specimens (Fig. 2) . In addition, we were routinely able to amplify a 3.5-kb HPV fragment from both fresh and aged (Ͼ3-year-old) BD SurePath and Hologic PreservCyt specimens using a commercially available extraction kit (NucleoSpin Tissue Kit, Clontech Laboratories Inc.) which utilizes a high-heat and proteinase K extraction method (data not shown). This suggests that there is no significant DNA degradation of fragments of this size over this time period.
The BD hrHPV-GT assay provided nearly identical results when repeat aliquots were tested approximately 2.5 years apart from both BD SurePath and Hologic PreservCyt specimens stored at 2 to 8°C. Both human genomic and HPV viral DNA targets were stable over this time period. The long-term stability of human genomic and HPV DNA in PreservCyt medium has been previously studied by Castle et al. (7, 10) . These authors investigated the ability to detect HPV DNA (by hybrid capture 2 detection; Qiagen) and human beta-globin DNA (by endpoint PCR and agarose gel electrophoresis of DNA fragments of 268, 610, and 1,327 bp) in PreservCyt specimens stored at ambient temperature over an 8-year period. Hybrid capture 2 detection was found to be unaffected by storage over this period whereas detection of DNA by PCR was inconsistent, and approximately 15% of all specimens were not positive for any size of PCR fragment after 5 years. Larger fragments were also less likely to be detected over time. This is in Results from individual patients were combined by HPV type for both SurePath and PreservCyt media. Bars represent 95% confidence intervals. The large confidence intervals observed for the SurePath HPV18 and HPV51 specimens are due to the low sample number (Table 1) .
FIG 2 PCR amplification from aged LBC specimens using human GAPDH
primers. Ethidium bromide-stained agarose gel. Lane 1, SurePath medium; lanes 2 to 4, Ͼ4-year-old residual SurePath specimens; lane 5, PreservCyt medium; lanes 6 to 8, Ͼ5-year-old residual PreservCyt specimens. Note that the amplification of more than one genomic product of approximately 452 bp is expected due to the presence of GAPDH pseudogene copies in the human genome.
contrast to the findings in this study in which a wide variety of HPV targets were consistently detected in 2-to 3-year-old specimens and a 452-bp fragment was recovered from Ͼ5-year-old PreservCyt specimens ( Fig. 1 and 2) . Negri et al. also studied the effects of long-term storage at ambient temperature of PreservCyt specimens on the hybrid capture 2 assay signal and found that, while the samples remained positive, there was an almost-5-fold reduction in relative light units (RLUs) over a mean time period of 31.3 months (9) . Both of the above-cited studies concluded that there was a time-dependent degradation of DNA over the period of the study. Another possibility, not considered by the authors, is that the DNA became more refractory to extraction over time as a result of the long-term storage in the fixative solution. Long-term storage in alcohol-containing fixative will likely result in progressive dehydration of the cells and reduce the solubility of proteins, which may render them more difficult to lyse and/or reduce access to the DNA during extraction. In addition, cross-linking of DNA can occur in fixative solutions, such as SurePath, which contains a low concentration of formalin. The effect of formalin on DNA and protein has been widely studied and is also frequently exploited as a tool to study protein-DNA interactions (12, 22, 23) . Formalininduced cross-linking can be reversed by using heat, proteinase K, or a combination of both (5, 14, 15) . The BD hrHPV-GT assay uses a high-heat extraction step with a proprietary buffer that efficiently lyses cells and reverses cross-linking. It has also been shown to be effective on formalin-fixed paraffin-embedded (FFPE) tissue samples (F. Castro, J. Koshiol, M. Gillison, W. Quint, L. Vaughan, C. Wheeler, and N. Wentzensen, unpublished data). There have been a number of other reports of RNA and DNA "degradation" in samples stored in LBC media (7) (8) (9) . However, none of the studies provided any direct visualization of the degraded nucleic acid and simply inferred the degradation due to the absence of or reduction in assay signal or failure to recover the material. Cross-linking of nucleic acid to protein is known to result in DNA-protein complexes that disrupt normal DNA function and inhibit its ability to be bound using standard silica-or magnetic-based purification methods (13, 24) . The data presented here and elsewhere support the view that DNA can be efficiently recovered from both LBC-and FFPE-preserved specimens (5, 15, 25) . Similar findings have also been reported for RNA extraction methods in which high-quality RNA has been isolated from LBC and FFPE specimens following high temperature and/or proteinase K digestion prior to the RNA purification step (25, 26) . Prior reports of variable success in RNA and DNA purification from BD SurePath-and Hologic PreservCyt-preserved specimens over shorter storage periods may also be explained by the ability of the extraction method to reverse fixative-induced cross-linking or other deleterious effects on the cells and their nucleic acid that render it refractory to lysis and extraction. Extraction methods that utilize high temperature and/or proteinase K digestion for extended periods reported higher success rates in DNA detection and the ability to detect longer fragments (5, 16) . This suggests that prior reports of nucleic acid degradation following storage in LBC media need to be reevaluated and may have been limited by the extraction and amplification methods used rather than degradation of the target nucleic acid. We cannot exclude the possibility that the ambient storage temperature used by prior reports versus the refrigerated storage temperature used here accounts for the observed differences in stability. However, we consider this unlikely given that the samples in this study also experienced room temperature storage and almost half of them had aged beyond their recommended expiration date prior to initial refrigerated storage and testing in our laboratory. FFPE specimens are also routinely stored at room temperature for extended periods, and nucleic acids can be successfully isolated from these specimens using optimized extraction procedures (16, 26) .
In summary, the results of this study suggest that both BD SurePath-and Hologic PreservCyt-preserved cells are stable for extended periods when stored at 2 to 8°C and that human genomic and viral DNAs are stably preserved and can be reliably detected using PCR amplification using the BD hrHPV-GT assay extraction and purification procedure. Further studies are required to understand the effects of long-term ambient temperature storage on assay performance. These results have important implications for nucleic acid testing of LBC specimens from biobank collections because access to archived material is critical for epidemiological and other long-term retrospective studies (27) .
